Introduction
An evidence for the important role that chromatin plays in regulatory mechanisms of gene expression has been steadily accumulated (reviewed by Grunstein, 1990; Felsenfeld, 1992; Grunstein et al., 1992; Wolffe, 1994a,b; Lu et al., 1994) . It appears that nucleosomes serve not just as a mere DNA packing device but also as part of various regulatory schemes in which their precise positioning along the DNA molecule is important. The question is still open, however, what are the determinants of the nucleosome positioning. Many cis-and trans-acting factors that may direct positioning of a histone octamer have been suggested and studied (reviewed by Simpson, 1991; Thoma, 1992; Lu et al., 1994; Wolffe, 1994b) . It is frequently assumed that the role of DNA sequence is important. However, the positioning signal in the sequence appears to be very weak and hard to detect, and it has not been yet fully understood what exactly are the DNA sequence determinants of nucleosome formation. Several rather different nucleosome DNA sequence patterns have been suggested (Mengeritsky & Trifonov, 1983; Zhurkin, 1983; Calladine & Drew, 1986; Uberbacher et al., 1988; Ioshikhes et al., 1992) . It appears to be generally accepted that the segment of DNA double helix which is wrapped around the histone octamer should possess sequence-dependent anisotropic deformability (bendability) properties that would provide a stabilizing contribution to a free energy of the nucleosome 3D structure. It is also believed that AA and TT dinucleotides play a special role in the nucleosome positioning. The observation of periodical appearance of some dinucleotides, primarily AA and TT, along eukaryotic DNA sequences with the period close to DNA helical repeat was long ago spelled out as a nucleotide sequence pattern that may facilitate anisotropic DNA bendability and nucleosome formation (Trifonov & Sussman, 1980) . It was suggested that such a periodicity may reflect orientation of synonymous base-pair stacks preferentially in the same direction relative to the surface of a histone octamer (Trifonov, 1980) . The nucleosome DNA, thus, would have a preferred side to which a histone octamer would bind (rotational setting). An evidence in favor of such rotational preference was provided by experiments with DNaseI digestion of DNA within the nucleosomes (Noll, 1974; SollnerWebb et al., 1978; Drew & Travers, 1985) . Nuclease digestion experiments (Sollner-Webb et al., 1978) and high resolution X-ray diffraction studies (Richmond et al., 1984) have demonstrated that at the exit point of the dyad axis of the nucleosome core the minor groove of DNA double helix is positioned in outward orientation. Therefore, both translational and rotational settings of a DNA double helix on the surface of the histone octamer are unambiguously defined by the position where the dyad axis passes through the midpoint of the nucleosomal DNA.
In this work we have been searching for the DNA sequence pattern, AA and TT dinucleotide profiles specifically, characteristic for the large ensemble of the experimentally mapped nucleosome DNA sequences. Our analysis is free of any a priori limitations on the generated patterns. In particular, the computation does not depend on the bendability considerations which are discussed in the paper only as a basis for interpretation of the generated patterns. The analysis presented below does not account for other possible nucleosome positioning factors, nor for internucleosomal interactions. The pattern we have found may be helpful for prediction of nucleosome positions in DNA sequence. The question what would be the mapping algorithm and what it would include is, however, not addressed here.
Only a few of the nucleosome DNA sequences determined in experiments and available from literature (see Ioshikhes & Trifonov, 1993 have been mapped with high accuracy (21 base) with regard to nucleosome center. For others the uncertainty in midpoint position is higher, up to 50 bp. Therefore, if a common nucleosome pattern exists it could be extracted with the aid of a multiple alignment procedure. That is, for each sequence of the database the ''true'' midpoint position should be found, within the experimental error limits, such that it would fit best to a ''consensus'' sequence pattern derived from the whole ensemble of similarly aligned sequences of the database. Since a DNA molecule is in continuous contact with the surface of the histone octamer (with no loops or bulges), the alignment should be also without gaps. The essence of the alignment is illustrated by Figure 1 . Here six sequences with no apparent similarity in distribution of AA dinucleotides (a), are aligned (b) so that the distinct periodical distribution emerges. A more realistic scheme would also include many AA dinucleotides which do not belong to the pattern. They cause misalignment of some sequences as well as irrelevant background in the ''consensus'' profile, so that the pattern derived by the alignment contains not only the signal component but the noise as well.
A number of multiple alignment methods have been suggested (reviewed by Chan et al., 1992) . The majority of them are not applicable for detecting the pattern as subtle as in the nucleosomes. Even the essentially statistical techniques, like ones proposed by Lawrence et al. (1993) or Borodovsky & Peresetsky (1994) , need some modification before being applied for nucleosome DNA sequences.
Our original algorithm of the multiple alignment designed for detecting dinucleotide pattern in nucleosome sequences indicated the presence of specific AA and TT positional preferences (Ioshikhes et al., 1992) . In that paper 118 nucleosome sequences compiled from published experimental data have been aligned. The alignment revealed that the distances between major maxima of the AA and TT positional distributions correspond to multiples of a period 10.4 bases. The AA and TT positional patterns were found to have six base phase shift between them (see also Mengeritsky & Trifonov, 1983) . Since the nucleosome DNA sequence pattern is very weak one has to be sure that the pattern derived is not an artifact of a chosen computation technique. Several different techniques should be tried, and only those features of the pattern which are common for all outputs can be considered as belonging to the pattern sought for. The results of the elaborate analysis presented in this paper, with a larger set of nucleosomal sequences and by using several techniques of multiple alignment, confirm the earlier conclusions on the AA and TT dinucleotides periodicity. The periodicity is found to span a whole length of the nucleosomal DNA with the exception of the small region around the dyad axis. 20, 30, 38, 48, 90, 100, 122 and 131-132 . Remarkably, the majority of the maxima in the averaged profile follow a rather regular pattern. The vertical lines in Figure 2 correspond to positions separated by 10.3 bases or multiples of it. Most of the peaks observed in the distributions belong to these periodical series, within 1-2 bases from the vertical lines.
Results and Discussion
The TT profiles shown in Figure 3 (a) to (e) also have several common peaks near positions 14, 34, 65-66, 87, 119, 127-128 and 139 . These maxima also follow fairly well a hidden periodic pattern. Spectral analysis of the averaged profiles shown at the bottom of Figures 2 and 3 gives the values of the period around the average 10.3 (20.2) bases (10.2(20.2) and 10.5 (20.3) for AA and TT, respectively). Although the periodically spaced peaks are present in both AA and TT positional frequency distributions, the periodicity of AA profile appears to be more pronounced. This difference could be attributed to the presence of scattered AA and TT dinucleotides that do not participate in nucleosome positioning signal and, thus, can be viewed as a random component that should be, ideally, mirror-symmetrical to one another, relative to the midpoint of the nucleosome DNA sequence. The fact that the observed averaged AA and TT profiles are not exactly symmetrical relative to one another reflects, apparently, interference of noise components. The sequence symmetry considerations, as well as our data disagree with the suggestion of Satchwell et al. (1986) that the AA and TT patterns are identical and mirror-symmetrical to themselves. Indeed, the preferred positions for AA and TT found in our work are far from being identical and neither AA nor TT alone show the symmetry. In the work of Satchwell et al. (1986) only symmetrized data (AA = TT) are presented, which excludes any detailed comparison of the AA and TT patterns.
The mirror symmetry of AA-pattern to TTpattern, as observed in our work, provides an additional opportunity to refine the AA and TT profiles and decrease the noise. The AA-and TT-distributions can be combined together by the rules of the symmetry. That is, new AA-and TT-profiles were calculated: AA sym = [AA(x) + TT(−x)]/2, and TT sym = [TT(x) + AA(−x)]/2. The coordinate x here is counted from a new origin in the middle of the nucleosome DNA sequence (position 73). In Figure 4 the AA sym profiles generated by this procedure are shown for all five pairs of initial AA and TT plots, as well as for the average plots in Figures 2 and 3. The periodicity is more pronounced now as can be judged from more frequently common peaks (vertical bars). Spectral analysis of the AA sym profile also shows that the 10.3 base periodicity is enhanced, compared to other, smaller peaks of the spectrum (data not presented). The lack of mirror symmetry of the AA distributions relative to the midpoint is clearly seen in the Figure 4 .
In the two top panels of Figure 5 the averaged distributions AA sym and TT sym are shown together. When these patterns are compared, an interesting feature is observed: almost every maximum of AA-profile corresponds to a minimum in the TT profile, and vice versa. This indicates that the AA and TT dinucleotides are major contributors to the overall nucleosome dinucleotide pattern, so that every excess of AA at some position automatically causes lack of TT at this position. According to our calculations, other dinucleotides, indeed, contribute insignificantly, as compared to AA and TT (data not shown). Ideally, if AA and TT are sole contributors to the overall pattern the plots AA sym and TT sym should have equal amplitudes but opposite signs. Considering observed deviations from such ideal case as largely due to still remaining noise, a further improvement of the signal can be obtained by subtracting the patterns from each other, that is, calculating AA* = [AA sym (x) − TT sym (x)]/2. This last refined distribution (for AA dinucleotides) is shown in Figure 5 , bottom. This oscillating pattern has no peaks other than ones of the periodic family which appears as an almost complete series of maxima separated by 9 to 12 bases. The deviations Several of the TT-peaks of the periodic set (vertical bars) have symmetrical counterparts in the periodic set of AA-peaks, with the axis of symmetry passing through the position 73. The coordinates of these coupled maxima (bar positions) are 14 (TT) and 131-132 (AA); 117 and 28-29; and 127-128 and 18. Less pronounced symmetrical pairs are 33 and 110; 65 and 80; and 87 and 58 for TT and AA, respectively. Since DNA is a complementary duplex the TT-pattern calculated for the given collection of nucleosome DNA sequences is identical to the AA-pattern for corresponding complementary strands, if the latter one is read in the complementary 3' to 5' direction. Reading this AA-pattern in the opposite, that is conventional direction (5' to 3') would result in the mirror-symmetrical picture. In other words, the average AAand TT-patterns calculated for the same strand confirmed in this work. Of other dinucleotides CC and GG are likely to be the next largest contributors to the nucleosomal pattern. As was recently found by two-dimensional autocorrelation analysis of the nucleosome sequences (Bolshoy, 1995) , these dinucleotides also display significant periodicity, although in absolute terms their contribution is lower as compared to AA (TT) dinucleotides.
For detection of possible contributions of tri-and tetranucleotides to the nucleosomal pattern the current database of 204 nucleosomes is too small. It should be at least about four (16) times larger to generate tri-(tetra-) nucleotide patterns with statistical significance comparable with the AA and TT patterns derived in this work. Our estimates (not shown) of the periodicity in 177 chicken nucleosome sequences (Satchwell et al., 1986) indicate that the AA (TT) amplitudes in these sequences are severalfold lower than in our collection. As was shown recently (Ulyanov & Stormo, 1995) by the analysis of the same database of chicken sequences, phased distributions of AAA and TTT trinucleotides have substantially lower amplitudes as compared to AA (TT) distributions, which makes doubtful any conclusions about contributions of the trinucleotides.
It is important to note that the AA (TT) patterns described above have been generated without any a priori hypotheses except for the assumption about the special role these dinucleotides may play. No periodicity or any other assumption was introduced in the calculations by any of five independent alignment procedures. The calculations also do not involve in any way the bendability concept, being rather an indirect confirmation of the anisotropic DNA bendability. The observed periodicity appears, therefore, as an inherent characteristic from the average distance 10.3 bases are, apparently, due to remaining noise.
This AA*-pattern, together with the TT*-pattern mirror-symmetrical to it (not shown), represents only a first approximation to the eventually full description of the nucleosome sequence pattern that will include some other dinucleotides, as well as, perhaps, trinucleotide and higher oligonucleotide contributions. This AA (TT) dinucleotide approximation is remarkably close to the pattern derived 13 years ago from a small ensemble of bulk eukaryotic sequences (Mengeritsky & Trifonov, 1983) , when the number of available experimentally mapped nucleosomes was insufficient for the alignment analysis as above. Both AA (TT) periodicity (rounded to 10.5 bases in the earlier work) and the about half period phase shift between preferred positions for AA and TT are of the nucleosome DNA sequences. Similarly, the complementary symmetry of AA and TT profiles emerged from the computed positional distributions as an intrinsic feature of the nucleosome DNA. Calculations similar to those described above were carried out also for a control set of non-nucleosomal sequences (data not shown). The set consisted of 204 sequences randomly chosen from the GeneBank. No systematic pattern was observed in the AA distributions calculated for these sequences. The second control set included 41 most precisely mapped sequences from our database (with the uncertainty of their mapping not worse than 25 bases) and 163 sequences arbitrarily chosen from the first control set. Periodical patterns were observed in this case, however their amplitudes were only insignificantly above random background. This second test demonstrates that not only the most accurate nucleosomes are contributors to the final pattern, but all other sequences of the database contribute as well.
In the recent work by Staffelbach et al. (1994) several a priori hypotheses on the sequence patterns in the nucleosomes have been tested on the similar nucleosome sequence database. The techniques applied did not include the multiple alignment of the sequences. The nucleosomal pattern was not detected in that work, apparently, due to very weak positional preferences of the dinucleotides in the nucleosomal DNA. The multiple alignments used in our study appear to be a sufficiently sensitive tool for extraction of such a weak pattern, even without any a priori hypotheses.
The period 10.3(20.2) bp/turn, characteristic for the last refined pattern and estimated by spectral analysis fits well to earlier estimates (Trifonov & Sussman, 1980; Mengeritsky & Trifonov, 1983; Satchwell et al., 1986; Ioshikhes et al., 1992) . This result is rather robust since it is obtained by application of five different multiple alignment algorithms to nucleosome DNA sequences of more than 20 different species and averaging the outputs. The period value of the dinucleotide pattern could be determined with higher precision if a larger collection of the nucleosome DNA sequences were available.
The positions of the maxima in AA and TT profiles ( Figure 5 ) indicate that the phase shift between preferred positions of AA and TT is close to a half DNA helix pitch (Mengeritsky & Trifonov, 1983) . This observation leads to a conjecture that DNA duplex bendability that fits the restrictions imposed by the nucleosome 3D structure can be provided by AA and TT dinucleotides positioned 5.5 to 6.0 bases apart. This arrangement is distinct from the one that provides a static curvature of the DNA axis. In case of curvature the best shift between AA and TT is only 1.6 bases, which corresponds to an angular difference between wedge direction angles for AA·TT and TT·AA base-pair stacks (Bolshoy et al., 1991; Shpigelman et al., 1993) . This difference in the phase shift between AA and TT dinucleotides for curved and bent DNA is linked to the important difference in the physical environments of free DNA and DNA in the nucleosome (Trifonov & Mengeritsky, 1988) . Phosphate groups of the free curved DNA have identical local solution environments all carrying negative charge, while those phosphates of the nucleosome DNA helix which are associated with the histone octamer are neutralized. In other words the statically curved DNA is curved without any influence of the external forces while nucleosome DNA, which is wrapped around a histone octamer, is elastically deformed (bent) by electrostatic forces (Mirzabekov & Rich, 1979; Manning et al., 1989) . The dinucleotide patterns that are characteristic for the curved and bent DNA should be, therefore, different. The ''wedge model'' and the wedge angles of the curved DNA (Bolshoy et al., 1991) have been used in studies and interpretation of DNA nucleosome pattern (Turnell & Travers, 1992; Fitzgerald et al., 1994; Staffelbach et al., 1994) without emphasizing this principal difference between curved and bent DNA. Trajectory of DNA helix axis calculated as by Bolshoy et al. (1991) does not reflect the superhelical path of the same DNA segment wrapped around the histone octamer. This does not exclude, however, formation of the nucleosomes with the strongly curved segments of DNA, as documented in several studies (Poljak & Gralla, 1987; Shrader & Crothers, 1989) . Such nucleosomes with the sequence characteristics of their DNA, presumably, combining the curvature and bendability patterns, are not abundant among the nucleosome population.
An interesting feature of the last refined pattern in Figure 5 is an absence of central peaks at position −3 for AA and, respectively, at position 3 for TT, in otherwise regular arrays of the maxima. This may indicate that the central section of nucleosome DNA, 10 to 15 bp around the dyad axis of the nucleosome, is not bent and, thus, would not require any preferential positioning of the bendability elements. This region is also known to be less sensitive to various nucleases (Sollner-Webb et al., 1978) and to UV-irradiation (Gale et al., 1987; Pehrson, 1989) . The relaxation of bending constraints in the central section of nucleosome DNA may contribute to this reduction of sensitivity.
In the scheme in Figure 6 the central region of the nucleosome DNA is shown in such a way that the corresponding sizes and dinucleotide positions are approximately in scale. The middle section is drawn straight as discussed above. The minor groove around the nucleosome dyad is oriented outward (Sollner-Webb et al., 1978; Richmond et al., 1984) . The positions of highest frequencies of AA dinucleotides in both strands of the nucleosome DNA turn out to correspond to locations at the histone octamer surface. They are one or two helical turns of the nucleosome DNA away from one another along the same strand of DNA whichever of the two strands is considered. The TT dinucleotides being complementary to AA should, thus, be located at the same distances from the dyad To allow extra space for alignment purposes we used 400 bp long sequences assigning position 200 for the center of nucleosome, as mapped in the particular experiment.
The first database of experimentally mapped nucleosome sequences was constructed by Satchwell et al. (1986) . This full database containing 177 sequences was kindly provided to M. B. by Dr Travers. The reason that did not favor the extending of the current study to these data is that it includes sequences from only one organism. Also, since these nucleosomes ''were prepared under conditions that would allow the sliding of octamers . . .'' (Travers, 1989) it is likely that native nucleosome positions in vivo were abandoned.
Yet another database of 113 sequences was collected recently by Staffelbach et al. (1994) . It largely overlaps with our earlier collection (Ioshikhes & Trifonov, 1993) being based, essentially, on the same sources.
Multiple alignment (MA) techniques
For AA/TT dinucleotide pattern analysis, each sequence of the database has been represented by a [2 × L] matrix M k , where L + 1 is the length of the sequence (L = 399). The first row of the matrix refers to the AA dinucleotides, the second row to the TT dinucleotides. Element i of the AA row is unity if dinucleotide AA occupies positions i, i + 1. Otherwise element i equals zero. Elements of the TT row are determined by a similar rule. Due to the physical nature of the problem the alignment procedure should not allow for gaps or deletions. Finding the optimal alignment in this case means to find a vector of individual shifts that, if applied, would align all sequences in the best way with regard to a certain criterion. The exhaustive search for such a vector would require generating 10 alignments, assuming only ten possible shift options for each sequence. Since such a computational experiment is not feasible one has to develop an algorithm that leads to the optimal or suboptimal alignment configuration in the time polynomially dependent on the number of sequences.
The width of a multiple alignment box has been chosen equal to 145 nt, typical nucleosome DNA size. The normalized sums of the corresponding elements of 204 matrices M k representing aligned sequences are considered as elements of the resulting [2 × 144] matrix (matrix D). In one case (see below) the output matrices are built on the basis of a smaller sequence set. We assume that when the alignment made by a particular technique is completed, the matrix D reflects a nucleosome DNA pattern emerging as an amplification of contributions by individual sequences. Those dinucleotides AA and TT that do not belong to major maxima of the developed nucleosome DNA pattern can be considered as random background. The random components of matrices D obtained by but of course in respective complementary strands, which is in correspondence with the observed positions. Consequently, all preferred positions of the TT dinucleotides in Figure 6 are located on the outer face of nucleosome DNA. This is consistent with earlier experiments on formation of thymine photodimers in UV-irradiated nucleosomes (Gale et al., 1987; Pehrson, 1989) . The externally located TT dinucleotides, probably, are more deformable than AA dinucleotides, due to weaker stacking between neighboring thymine bases.
Sequences and methods of calculations
Nucleosome DNA sequence database In order to reflect an unbiased nucleosome sequence pattern, the database of nucleosome DNA sequences should be as representative as possible. It should include the sequences from a number of various organisms mapped in different laboratories, by various techniques. During the last decade many nucleosome DNA sequences have been determined by various experimental approaches. Our compilation of nucleosome sequence data (see also Ioshikhes & Trifonov, 1993 consists of 204 nucleosome sequences from 18 eukaryotes and three viruses, with respective references. The data were taken from both in vitro and in vivo nucleosome mapping experiments. Prokaryotic reconstituted nucleosome sequences were not included. In cases when several overlapping nucleosome sites were detected, the most prominent one is presented in the database. Each record of this database indicates a center of the mapped nucleosome in the sequence as well as the accuracy (published or evaluated) of the mapping. different alignment techniques are not the same, while the main signal components are assumed to be similar. The averaging of several D matrices is expected to improve a signal to noise ratio.
Five alignment procedures have been applied:
Alignment of the most accurately mapped nucleosome sequences
For the nucleosomal sequences mapped with no more than five nucleotides uncertainty, alignment at their experimentally determined center positions should smear high frequency features leaving only details of the pattern with resolution 10 nt or larger. Such a pattern can be reliably detected only if the database is large enough. In our database only 41 nucleosomal sites were mapped within the error limits 25 nt. The matrices corresponding to these most accurately mapped nucleosome DNA sequences have been summed without shifts. Resulting AA and TT positional frequency distributions have been smoothed by a five-bonds running average. Such a procedure is expected to reflect a real, though smeared, nucleosome pattern. The small size of this sequence sample would also introduce a noise of unknown amplitude.
Multicycle consecutive alignment
This is a modified version of the algorithm applied in earlier work (Ioshikhes et al., 1992) . The main idea of this iterative algorithm is that AA/TT matrices are aligned one at a time with regard to the pattern derived on a previous step. In other words, at a step k the shift of a kth nucleosome sequence is determined; this position maximizes a sum of pairwise alignments between sequence k and all k − 1 nucleosomal sequences in locations, determined at previous steps.
To apply this scheme the sequences were sorted in order of descending accuracy of their experimental mapping (21, 24, 25, . . . , 255 nt) and clustered into several accuracy groups in which the nucleosome centers are determined with the same uncertainty. Then the sequences were aligned one at a time, starting with the group with highest accuracy. The pattern derived by this alignment procedure depends on the order in which the sequences are taken within each accuracy group. Again, to try all possible combinations would be computationally non-feasible. The reasonable option is to average the patterns obtained from a large enough number of alignment cycles that differ in sequence order. For this purpose the order of the sequences in every group of accuracy has been randomly shuffled and the results of 10,000 different alignment cycles were averaged. Each cycle consisted of the following steps:
(1) The initial pattern P 1 ([2 × 144] matrix) is defined with regard to the 145 nt central piece of the first nucleosome sequence in the sorted database:
(2) At a step k, (k = 2, . . . , N, where N is the total number of sequences) the sequence k shifts to a new position, within the limits of experimental accuracy, which maximizes product P g k−1 *M k between the transposed ( g ) matrix of current pattern P k−1 and matrix M k that corresponds to a 145 nt fragment of the sequence k. It can be shown that the shift s k obtained in this way, provides the maximum of sum of pairwise alignments of the sequence k with k − 1 sequences fixed at previously determined positions.
(3) A new matrix P k is obtained by combining the P k−1 with matrix M k corresponding to the chosen 145 nt portion of the sequence k.
Instead of M k , as in Ioshikhes et al. (1992) , we utilized the oscillating components M' k of the AA (TT) positional frequency distributions: 
Quasi-exhaustive consecutive alignment
A drawback of the preceding method is that in each cycle only a single ongoing pattern taken from the previous step is considered. One way to enlarge the possible set of candidate patterns, although still far from the exhaustive search option, is to keep track of several ''suboptimal'' shift vectors for the current subset of sequences. More accurately, let us denote O (1) During the initial steps all alignments (s 1 , s 2 , . . . s i ) are stored in memory until their number exceeds v. The number v = 100 is chosen to meet the time and memory limitations of the computer. It is close to 3 4 possible alignments of first four sequences of our database which may be shifted by 21 bases, i.e. occupy three alternative positions each.
(2) All v alignments with the highest match for dinucleotides AA/TT among all reviewed alignments of the first k − 1 sequences are stored. At a step k, the algorithm examines all possible alignments of sequence k with each of the v stored alignments, within the stated experimental error limits acc k for the sequence k. A new set of v suboptimal alignments is chosen from the total of v*(2*acc k + 1) possible alignments of sequence k to previously determined v alignments.
(3) After the Nth step, the pattern corresponding to the best of the v alignments is accepted as the final one.
Alignment with simulated annealing strategy
In this algorithm the alignment score is defined as above for the quasi-exhaustive search. The algorithm finds a vector of shifts (s 1 , s 2 , . . . s N ) providing the maximum similarity SIM(s 1 , s 2 . . .
. This optimization problem can be solved by a simulated annealing method (Metropolis et al., 1953; Lukashin et al., 1992) .
(1) At the first step, an alignment (s 1 , s 2 , . . . s N ) is determined by randomly selected shifts. These shifts s i are sampled from uniform probability distribution, within the limits defined by experimental accuracy. The initial matching score SIM 0 is calculated.
(2) At step k + 1 a random shift s' i is introduced for a randomly selected sequence i within its experimental accuracy limits, while other shifts are kept unchanged. That is alignment (s 1 , s Multiple alignment by positional entropy criterion using Gibbs sampling strategy An algorithm of MA based on entropy criterion (EMA) for DNA sequences represented by the Markov model was described previously (Borodovsky & Peresetsky, 1994) . The software program implementing this algorithm was tested on several sets of model sequences. It has been shown that finding the optimal MA configuration is hampered by a presence of numerous local minima (Borodovsky & Kraemer, unpublished) . For statistical MA of DNA and protein sequences, Lawrence et al. (1993) suggested Gibbs sampling strategy that significantly increases chances for escaping a local minimum. The protein version of Gibbs sampler program uses a 20 letters alphabet and can be employed for MA of DNA sequences in the case when one is interested in dinucleotide pattern and using sequences written in a 16 letters dinucleotide alphabet. There is a strong analogy between likelihood values used in EMA and Gibbs sampler weights as well as between EMA criterion and Gibbs sampler criterion function (equation (2) of Lawrence et al., 1993 ) that can be transformed into expression for relative entropy or Kullback-Leibler distance between the pattern and background frequency distributions. It was shown that sets of model sequences carrying a hidden dinucleotide pattern of a simple periodic type are aligned in a nearly identical way by both EMA programs and by Gibbs sampler program using 16 letter alphabet (K.D. & M.B., unpublished). We would not expect a complete identity of these results since:
(1) the EMA algorithm based on the Markov model uses an exact expression for the positional entropy for a set of DNA sequences generated by the first order Markov model; and (2) even if the criterion function of the Gibbs sampler algorithm would be trimmed to pattern entropy terms such an expression alone still does not account for the dependence between adjacent dinucleotides and gives at its best an approximation to a real position entropy value. However, as indicated above, the quantitative tests have assured that the existing Gibbs sampling software program as described by Lawrence et al. (1993) is a promising option when finding a dinucleotide pattern is a target since it gives the same results as the EMA program for the sets of model sequences and is performing (avoiding local minima) better for the sets of real sequences.
The Gibbs sampler MA program was implemented by first recoding the nucleosome sequences in a 16 letter alphabet (a subset of 20 letter set used in Gibbs program). Predictive update steps and sampling steps were then applied as described by Lawrence et al. (1993) .
Spectral analysis of the dinucleotide distributions
To determine whether a given distribution contains a periodical component with a specified period (Kolker & E.N.T., unpublished), the ''nonoscillating'' background of the distribution was calculated first, by smoothing the original distribution with the window size equal to the period. After subtraction of the background, the oscillating part was approximated by sinusoidal wave with the given period. Its amplitude was calculated from corresponding Fourier coefficients. Amplitudes calculated as described for all periods of interest (usually within the range 5 to 20 bases) form an amplitude spectrum, which can be used for evaluation of presence and significance of the expected periodical component.
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